The martensitic transformation, which occurs in many Fe-, Cu-, and Ti-based alloys and in ceramics, is a typical first-order structural phase transformation without atom diffusion. It has been widely studied in order to know its characteristics from the physical, metallographic, crystallographic, and technological points of view.
1
This martensitic transformation is known to be extensively influenced by external fields 2 such as temperature, uniaxial stress, and hydrostatic pressure. Therefore, to clarify the effect of external fields on martensitic transformations, it is very important to understand the essential problems of the transformation, such as its thermodynamics, kinetics, and the origin of the transformation, and it is also important to obtain technological information related to developing structural and smart materials. A magnetic field is another external field that influences martensitic transformations because of the difference in magnetic moment between the parent and martensitic states. The effect of magnetic fields on martensitic transformations has been studied by many researchers, especially in Sadovsky's group in Russia 3 and recently by Kakeshita et al. 4 As a result, many interesting phenomena have been found associated with magnetic-fieldinduced martensitic transformations, and these have been quantitatively analyzed. 3, 4 Recently, Ullakko et al. 5, 6 found by studying off-stoichiometric Ni 2 MnGa ferromagnetic shape-memory alloys that a magnetic field can control the crystallographic domains, or variants, and its related strain is quite large (10 Ϫ3 -10
Ϫ2
). Since then, the research in this field has focused considerable attention on applications for using the materials as actuators and sensors, partly because their response to a magnetic field is much faster than their response to heating and cooling, and partly because strain can be controlled in this way without contacting the specimen.
The mechanism has been proposed to operate as follows: these alloys exhibit a ferromagnetic transition and a thermoelastic martensitic transformation, [7] [8] [9] and therefore the martensite phase has magnetic domains together with martensite variants, which are twin-related to each other. Moreover, the magnetic anisotropy energy in these alloys is larger than the elastic energy or frictional energy consumed by the conversion of variants. Thus, the conversion of variants will occur in association with the conversion of magnetic domains under a magnetic field, which induces a giant magnetostriction. Considering this mechanism, it is expected that the giant magnetostriction will appear in other ferromagnetic shape-memory alloys having a large magnetic anisotropy energy and a small elastic energy for the conversion of variants. In fact, Kakeshita et al. 10 found that the same giant magnetostriction is realized in an ordered Fe 3 Pt single crystal that exhibits a martensitic transformation from a cubic parent phase (L1 2 -type, or Cu 3 Au-type, structure) to a tetragonal martensite phase; the recoverable magnetostriction obtained (about 0.6%) is more than three times larger than that of TERFENOL-D 11 (Tb 1Ϫx Dy x Fe 2 ), which is a typical magnetostrictive material. James and Wuttig 12 in 1998 found that this magnetostriction is realized in an Fe-Pd alloy that exhibits a martensitic transformation from an A1-type (fcc) structure to a tetragonal one, but the magnetostriction they reported is much smaller than the value expected from the perfect conversion of variants. Kakeshita et al. 13 in 2001 found that perfect conversion truly occurs with the application of a magnetic field by using an Fe-31.2at.%Pd alloy, which will be described in the section on "Magnetostriction of Fe-Pd."
In this article, therefore, we will summarize the results concerning the giant magnetostriction of ferromagnetic shapememory alloys by considering the studies done so far by many researchers 12, [14] [15] [16] and introduce new results obtained by the present authors. 10, 13 We also survey some applications of these new functional materials.
Magnetostriction of Ni 2 MnGa
Webster et al. 7 found that stoichiometric Ni 2 MnGa is ferromagnetic below T c 378 K (T c is the Curie temperature) and exhibits a thermoelastic martensitic transforma-tion at a martensite-phase onset temperature upon cooling, M s , of 202 K from an L2 1 -type (Heusler) structure to a tetragonal structure. The lattice parameter they reported is a 0.5825 nm at 295 K in the parent state, and a 0.5920 nm, c 0.5566 nm (c/a 0.940) at 4.2 K in the martensite state. Kokorin et al. 14 in 1992 investigated the shape-memory properties of Ni 2 MnGa and reported that the stress required for the conversion of variants is about 20 MPa. Ullakko et al. considered the results for this system and predicted that the conversion of variants would occur when a magnetic field is applied. In 1996, they showed that this conversion of variants occurs in this system, 5, 6 and it will be described next.
A single crystal of off-stoichiometric Ni 2 MnGa, which exhibits a martensitic transformation at M s 276 K, was prepared. Since the easy axis of magnetization is the c axis, and the c axis corresponds to one of the ͗100͘ directions of the parent phase, magnetostriction was measured along the [001] direction by applying a magnetic field in this direction. Figure 1a shows the magnetostriction measured at 283 K (7 K above M s ). The specimen contracts when the field is applied. The strain at 283 K is of the order of 10
Ϫ4
, being the same order as for conventional Invar alloys (alloys whose change in size with temperature is so small as to be considered "invariant" below T c ). Figure 1b shows the magnetostriction measured at 265 K (11 K below M s ). The specimen contracts about 0.1% when the field is applied. This value is nearly 10 times larger than that at 283 K. Such a large strain could not be explained by conventional magnetostriction, meaning that the large magnetostriction observed in Figure 1b must be caused by the conversion of martensite variants under the magnetic field.
Although the strain shown in Figure 1b is relatively large as compared with conventional magnetostriction, it is still small as compared with what is expected for a complete conversion of variants. The strain caused by the complete conversion of variants from a single variant to another single variant is estimated from the lattice parameter to be (c Ϫ a)/a. This strain has a value of about 6% if the lattice parameters at 4.2 K reported by Webster et al. 7 are used. Therefore, the magnetostriction shown in Figure 1b is smaller than onetenth of this value (6%), meaning that the conversion of variants cannot be perfect.
Recently, however, Tickel and James 15 and Murray et al. 16 reported the nearly perfect conversion of variants. Tickel and James The difference of magnetic-field-induced strain (4.3% by Tickel and James, 6% by Murray et al.) is presumably caused by the difference in tetragonality of the two samples used for the measurements.
Magnetostriction of Fe-Pd
Disordered Fe-Pd alloys containing nearly 30 at.% Pd exhibit an Invar effect 17 below their Curie temperature of about 600 K and a thermoelastic martensitic transformation from an A1-type structure to a face-centered tetragonal (fct) structure. 18, 19 The characteristics of this transformation are a small volume change and a small transformation hysteresis. The martensite is composed of three variants, which are connected to each other on the (011) twinning plane. 18 The first report of the conversion of variants in Fe-Pd alloys was made by James and Wuttig. 12 They used a single crystal of Fe-30at.%Pd and obtained a reversible strain of 0.6% by the application of a magnetic field. This strain is very small as compared with the strain expected from the complete conversion of variants.
Recently, however, Kakeshita et al. 13 found a nearly complete conversion of variants using an Fe-31.2at.%Pd alloy. A single crystal of an Fe-31.2at.%Pd alloy was prepared by the floating zone method and homogenized at 1373 K, followed by quenching in ice water. The martensitic transformation temperature determined by magnetic susceptibility and x-ray diffraction measurements is 225 K. In the parent phase, the lattice parameter increases slightly with decreasing temperature owing to the Invar effect, and the value at 300 K is a 300K 0.3758 nm. Since the easy axis of magnetization for the Fe-31.2at.%Pd alloy is the a axis, and the a axis corresponds to one of the ͗100͘ directions of the parent phase, magnetostriction was measured along the [100] direction. Prior to applying a magnetic field, the single crystal of the Fe-31.2at.%Pd alloy was cooled down to 77 K without a magnetic field. In association with the martensitic transformation, the specimen contracted along the [100] direction. The contraction increases with decreasing temperature, and the value is about 1.2% at 77 K. By using the lattice parameters and the measured strain, the fraction of the variant whose a axis is parallel to the [100] direction, f a ʈ H , is estimated to be about 50% at 77 K.
After cooling down to 77 K with no magnetic field, the magnetostriction in the [100] direction was measured by applying a magnetic field of up to 2 T along the [100] direction, and the result is shown in curve 1 of Figure 2 . The specimen starts to expand at 0.3 T, and the strain almost satu-rates at 1 T. The saturated strain is about 3.1%. This large strain of 3.1% is caused by the conversion of variants under the magnetic field. The variant fraction f a ʈ H under the magnetic field of 2 T is estimated to be about 100%, meaning that a nearly perfect conversion of variants occurred. When the field is removed, the specimen contracts about 0.1%. This contraction is also caused by the conversion of variants, and the converted variants occupy about 1% of the crystal. After that, the polarity of the magnetic field was reversed, and the magnetostriction was again measured by applying a field of up to 4 T, which is shown in curve 2 of Figure 2 . As seen in the figure, an expansion of about 0.1% appears and disappears in the field-applying and fieldremoving processes. A similar result is obtained when the polarity is again reversed, as shown in curve 3 of Figure 2 . Figure 3 is a series of optical micrographs showing the conversion of variants by the magnetic field in the Fe-31.2at.%Pd alloy. The horizontal and vertical directions are [100] and [0 1], respectively, and the surface is parallel to the (011) plane. In the parent state, the surface is electropolished, as shown in Figure 3a . When the specimen is cooled down below the martensitic transformation temperature without a magnetic field, surface relief appears, due to the coexistence of multivariants. The surface relief at 81 K is shown in Figure 3b , where the stripe running from upper left to lower right is the trace of the (101) and/or the ( 10) twinning plane. Then, a magnetic field is applied along the [100] direction to this multivariant state at 81 K. The conversion of variants starts when the 1 1 field exceeds 0.3 T, and almost perfect conversion is completed when the field exceeds 1 T. The micrographs taken under the fields of 0.35 T and 1.5 T are shown in Figures 3c and 3d, respectively. This result clearly shows that the giant magnetostriction shown in Figure 2 is related to the conversion of variants illustrated in Figure 3 .
Magnetostriction of Fe 3 Pt
Fe-Pt alloys containing nearly 25 at.% Pt have an A1-type structure by quenching and an L1 2 -type structure by long-time ordering heat treatment. 20 Both the ordered and disordered alloys exhibit an Invar effect below the Curie temperature, which increases as the degree of order increases. [20] [21] [22] [23] These alloys also exhibit a martensitic transformation, whose transformation temperature decreases as the degree of order increases. [24] [25] [26] Furthermore, the transformation behavior also changes with the degree of order, that is, from "burst-type" to thermoelastic-type. A burst-type transformation occurs almost instantaneously as M s is reached, and the interface is irreversible; a "thermoelastictype" transformation occurs as the interface between the parent and martensite phases moves through the sample on cooling and is reversible by heating. The martensite of highly ordered Fe 3 Pt has an fct structure with a negligibly small transformation hysteresis. 27 In this section, we will show the martensitic transformation and magnetostrictive behavior of highly ordered Fe 3 Pt.
A single crystal of Fe 3 Pt was prepared by the floating zone method. It was homogenized at 1373 K, followed by an ordering heat treatment at 923 K for 100 h. The specimen thus obtained exhibits a martensitic transformation from the L1 2 -type structure to the tetragonal structure at 85 K, which was determined by magnetic susceptibility measurement. This transformation is also confirmed by x-ray diffraction, that is, the single 002 reflection above 85 K splits into two (200 and 002) reflections below 85 K. This result means that the c axis of the martensite is nearly parallel to the a axis of the parent phase; thus, the number of variants should be three in this system.
The lattice parameter of the parent phase a increases slightly with decreasing temperature owing to the Invar effect, and the lattice parameter at 300 K is Since the easy axis of magnetization for the Fe 3 Pt is the c axis, and the c axis corresponds to one of the ͗100͘ directions of the parent phase, magnetostriction was measured along the [001] direction. The Fe 3 Pt was cooled prior to applying a magnetic field. In association with the martensitic transformation, the specimen expanded along the [001] direction. The expansion increases with decreasing temperature, and the value at 4.2 K is about 0.3%. By using the lattice parameter and the measured strain, the fraction of the variant whose c axis is parallel to the [001] direction, f c ʈ H , is estimated to be about 25% at 4.2 K.
After cooling the alloy down to 4.2 K with no applied magnetic field, the magnetostriction in the [001] direction was measured by applying a magnetic field of up to 4 T along the [001] direction, and the result is shown in curve 1 of Figure 4 . As seen from the figure, the specimen starts to contract at 0.3 T, and the strain almost saturates at 4 T. The saturated strain is about 2.3%. Since the ordinary magnetostriction is about 10 Ϫ6 or 10
Ϫ5
, the large strain of 2.3% should be caused by the conversion of variants under the magnetic field. The variant fraction f c ʈ H under the magnetic field of 4 T is estimated to be about 66%, (i.e., the increase in f c ʈ H is 41%). A characteristic feature is that the specimen expands about 0.6% when the field is removed. This expansion is also caused by the conversion of variants, and the ratio f c ʈ H decreases from 66% to 55%. After that, the polarity of the magnetic field was reversed, and the magnetostriction was again measured, as shown in curve 2 of Figure 4 . In this figure, a contraction of about 0.6% appears in the field-applying process, and it disappears in the fieldremoving process. Similar results were obtained when the polarity was again reversed, as shown in curve 3 of Figure 4 . The recoverable magnetostriction of 0.6% is nearly three times larger than that of TERFENOL-D, 11 which is well known as a material exhibiting giant magnetostriction.
Comparison of Magnetostrictive Behavior of Ni 2 MnGa, Fe-Pd, and Fe 3 Pt, and Applications of Ferromagnetic Shape-Memory Alloys
The martensitic transformation temperature, tetragonality, and easy axis of magnetization and magnetostriction in Ni 2 MnGa, Fe-31.2at.%Pd, and Fe 3 Pt are summarized in Table I , where the values for Ni 2 MnGa are cited from Webster et al. 7 and Murray et al., 16 and those for Fe-31.2at.%Pd and Fe 3 Pt are present results. 10, 13 It is apparent from Table I that although all of the three alloys exhibit the conversion of variants, there are some differences in the magnetostrictive behavior among them. The most significant difference is the sign of strain, that is, it is negative for Ni 2 MnGa and Fe 3 Pt, but it is positive for Fe-31.2at.%Pd when the magnetic field is applied along the [001] direction and the strain is measured along this direction. This difference is caused by the difference in the easy axis of magnetization, that is, the easy axis of Ni 2 MnGa and Fe 3 Pt is the c axis and that of Fe-31.2at.%Pd alloy is the a axis. The origin of this difference in the easy axis is not clear, and it should be clarified on the basis of the electronic structure of those systems.
The other difference is the fraction of converted variants under the applied magnetic field. That is, nearly 100% of the preferred variant is obtained in Ni 2 MnGa and in Fe-31.2at.%Pd alloy, but only about 66% is obtained in Fe 3 Pt. Moreover, the fraction of recovered variants by the removal of the magnetic field is also different, that is, the recovered variant is about 11% in Fe 3 Pt, but is only 1% in Fe-31.2at.%Pd and less than 1% in Ni 2 MnGa. In order to explain this difference, we need to construct a model that explains quantitatively the magnetostrictive behavior of ferromagnetic shape-memory alloys, and this is a future subject of research.
We can say from the results described here that the strain of ferromagnetic shape-memory alloys can be controlled not only by temperature and stress but also by a relatively low magnetic field. Thus, we can expect new smart materials such as actuators, switches, and micromachine devices by combining these external fields. Especially, an application to an oscillator with an amplitude larger than TERFENOL-D is expected because the strain exceeds 1%. However, since a high response is required for this application, the frequency-dependence of magnetostrictive behavior in ferromagnetic shapememory alloys should be examined.
From a viewpoint of practical use, Fe 3 Pt and Fe-Pd alloys are promising materials as compared with Ni 2 MnGa because they are ductile. However, since the martensitic transformation temperatures of Fe 3 Pt and Fe-Pd alloys are below room temperature, we need to increase their transformation temperatures by adding third elements or by appropriate heat treatments.
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